We describe in this short paper a new imaging model for the spatial magnitude response of an absolute eddy current transducer to a flaw. This model is appropriate for image restoration purposes in that it captures the transducer response with sufficient accuracy for image restoration, yet is simple enough to be computationally practical.
Introduction
We describe in this short paper a new imaging model for the spatial magnitude response of an absolute eddy current transducer to a flaw. The transducer used in this work is an annular coil with a mean radius of approximately 34 mils wound on a ferrite core and enclosed in a ferrite shield bead. The transducer is operated at a frequency of two megahertz and is used to inspect metal surfaces for stress cracks with lengths in the 10 to 100 mil range. A nonlinearly distorted image of the the flaw is generated by sampling the response of the transducer on a four mil grid as it is scanned over the surface. We are interested in geometrically characterizing the flaw by restoring the distorted image.
Direct characterization of flaws from an eddy current image is complicated by the fact that the eddy current transducer has a nonlinear, large-radius point spread function (PSF) relative to the size of flaws of interest [6] . Linear image restoration methods such as the Wiener filter fail to model the nonlinear response of the sensor to flaws, which varies with the size of the flaw and its relative position [2] . The true response of an absolute eddy current transducer to a flawed surface is a complex phenomenon.
Modeling this response is an open research area, as indicated by the range of techniques discussed in recent journal articles. Iterative techniques such as Beissner's boundary element model [3] and the finite difference method of Auld et al [1] are useful for understanding the forward problem of simulating the sensor response, but their computational complexity makes them less than ideal for image restoration the electromagnetic fields and are also computationally complex, requiring solution over a large number of cells for a flawed surface.
What is needed for image restoration purposes is a model which captures the transducer response with sufficient accuracy for image restoration, yet is simple enough to be computationally practical. The model described in this paper accurately reflects the response of the sensor to a flaw, as indicated by the comparative images and plots in Section 4. It is based on a simple resistive loop approximation [8, 9] to the transducer impedance changes induced by a flaw, and is efficiently implemented as layers of linear blurring functions and nonlinear point operations.
The transducer forward model we have developed for flaw characterization is based on a simple model for the magnitude of the change in the impedance of the coil due to the presence of a flaw. The transducer coil induces a region of eddy current flow in the surface of the object to be inspected. This region mirrors the geometry of the coil, and may be approximated by an annular ring of current filaments flowing on the surface of the part [4, 8, 9] . The effect of each of these filaments on the transducer is modeled by considering the transducer coil as the primary and the filament as the secondary of a transformer [8, 9] . A flaw in the surface changes the length of the circular path of the current filament, changing the resistance of the secondary and Nonlinear models written in layered form (3) where the h L terms represent linear spatial operations (two dimensional convolutions), and are composed with the 8 L terms, which are nonlinear functions applied pointwise.
Functions written in this way have a number of attractive features:
1. They may be implemented on a computer more efficiently than functions of the form of (1). The functions represented by the lower layers may be performed once, with their output combined appropriately by higher layers in a hierarchical manner, rather than repeating the complete set of calculations at each point.
2. The gradient of this form may be evaluated using the chain rule, and also written in layered form. Additional computational savings may be realized by re-using intermediate terms from the forward model when computing the gradient.
3. It has been shown [5] that the layered form is general in that a very wide range of functions may be represented.
We write the transducer model (1) in this form by breaking the response into three layers.
The first layer computes the approximate change in the path the eddy current filaments take for a particular direction at a point. We model this directional response to a flaw for current filaments flowing at an arbitrary angle (J (See Figure 1) with respect to the (x, y) axes by forming an anisotropically blurred Gaussian derivative function:
The term dB = The third layer linearly combines the local path length terms over an annulus, forming a weighted sum of the directional point path length terms at the appropriate angle and completing the point spread function of the model. The directional terms are combined using a set of polar Gaussian blurring functions
one for each term. One of these terms is illustrated in Figure 3 . Note that the blurring function sums directional local path length terms from the regions on both sides of the annulus where the direction () (See Figure 1) is approximately tangent.
The transducer model is implemented by calculating a set of convolution kernels
for (4) and (6), one for each desired () and <p. The result is a transducer model written in the form of (3):
where kd n is the kernel for the directional first derivative of a Gaussian (4) at angle
On == n7r/N, and kg n is the Gaussian blurring function (6) at angle <Pn == 8n+7f/2.
N is chosen to be the minimum number of angles producing a smooth transducer response. N == 8 was found to be sufficient.
Results
The results given In this section illustrate the performance of the forward transducer model. Figure 4 is a magnitude image formed by combining the in-phase and quadrature components of the output of a General Electric Corporate Research and Development eddy current transducer in the usual way.
The imaging parameters were as follows:
• The transducer type was "sge9" This transducer is an absolute sensor with a single annular coil wound on a ferrite core and enclosed in a ferrite shield bead.
The probe has a mean coil radius of 34 mils, and is operated at 2 megahertz.
• The imaged surface was a block of Rene-95 high nickel alloy, with a rectangular EDM slot 30 mils long by 3 mils wide by 15 mils deep.
• The image row and column sample spacing was 4 mils.
• The values displayed are the magnitude of the data samples.
• The image shown is 64 rows by 64 columns, with the image data videoscaled to 0 to 255. The data is displayed using a linear gray scale map, with white representing 255 and black o. Figure 5 is a synthetic flaw image generated by the layered transducer model (7), using smooth derivative functions. The imaging parameters are:
• The original flaw image was 7 pixels long by 1 pixel wide by 15 units on a zero background in the center of the image.
derivative function (4) for all image points more than 1 percent of the peak magnitude. The deviations were u g == 1.7 and Ud == 1.0 pixels.
• The radial kernel kg n was generated in the same manner as the derivative kernel, with TO == 6.25, <Po == (J + 7r/2, a; == 0.5, and uq, == 7rTo/V2N, where N == 8 is the number of angles.
• The image size and map are identical to Figure 4 A plot made by vertically slicing the two images in Figures 4 and 5 is shown in Figure 6 5 Discussion
The absolute eddy current transducer model accurately reflects the response of a real transducer to a flaw, as shown in Figure 5 . Furthermore, the layered model (7) Other types of eddy current transducers may be modeled by simply modifying the spatial functions kg n to combine the local terms appropriately for the geometry of the transducer. For instance, the spatial terms for a typical differential transducer would be similar to those in Figure 3 , but the two lobes would have opposite sign and would vary in magnitude with the angle fJ. 
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